Summary Second-generation Pinus radiata D. Don trees, propagated from cuttings of 4-year-old trees previously grown at ambient (36 Pa) and elevated (65 Pa) CO 2 partial pressure (C a ) were grown under the same conditions in open-top chambers for a further year. As cuttings of the original trees, these second-generation trees were physiologically the same age as the first-generation trees with the only difference between the two being size. This allowed us to test the effects of tree size independently of age or duration of exposure. Total non-structural carbohydrate concentration, area-based nitrogen concentration, leaf mass per unit area and chlorophyll concentration measured in three foliage age cohorts were unaffected by either age or C a . There were no signs of photosynthetic down-regulation in trees grown at elevated C a . When measured at the growth C a , photosynthetic rate in young needles during summer, autumn and spring was 34, 43 and 38% higher, respectively, in trees grown at elevated C a than in trees grown at ambient C a . In older needles, the corresponding photosythetic rate increases were 26, 47 and 49%. Water-use efficiency, determined by stable carbon isotope analysis, was 49% higher in foliage in the elevated C a treatment than in foliage in the ambient C a treatment. This increase was entirely due to photosynthetic enhancement, because stomatal conductance did not differ between treatments. We conclude that down-regulation of photosynthesis at elevated C a is related to tree size rather than tree age or duration of exposure, and that enhanced photosynthetic rates can be maintained while sink strength is high enough to use the excess photosynthates.
Introduction
Freely rooted plants show large variation in growth responses to elevated carbon dioxide partial pressure, C a . There is evidence that there is an overall enhancement of photosynthesis as a result of increased CO 2 availability, but that may be offset by a reduction in photosynthetic capacity (Lewis et al. 1996 , Wang et al. 1996 , Teskey 1997 , Rey and Jarvis 1998 , Roberntz and Stockfors 1998 , Ellsworth 1999 , Myers et al. 1999 , Tissue et al. 2001 . Down-regulation of photosynthesis in response to increased CO 2 availability is not always complete, however, and plants growing in elevated C a may exhibit higher photosynthetic rates than plants growing in ambient conditions. The accumulation of nonstructural carbohydrates is commonly associated with photosynthetic down-regulation, and likely occurs as a result of limited activity of sink tissues (Eamus and Jarvis 1989 , Wullschleger 1993 , Ceulemans and Mousseau 1994 , Amthor 1995 , Saxe et al. 1998 , Moore et al. 1999 , Atkinson 2000 , Lewis et al. 2002 . It has been proposed that photosynthetic down-regulation is facilitated by feedback mechanisms that regulate carbon assimilation to match demand (Amthor 1995 , Griffin and Seemann 1996 , Drake et al. 1997 , Turnbull et al. 1998 , Moore et al. 1999 , Griffin et al. 2000 , implying that persistence of strong sink activity may be the key to maintaining long-term photosynthetic enhancement under conditions of elevated C a (Eamus and Jarvis 1989) .
Foliage age influences the degree of photosynthetic downregulation in Pinus radiata D. Don (Turnbull et al. 1998 , Griffin et al. 2000 , Tissue et al. 2001 ) and other coniferous species (Wang et al. 1995, Rogers and Ellsworth 2002) . Turnbull et al. (1998) suggested that this effect reflects the relationship between needle age and sink proximity, an idea also suggested by Rogers and Ellsworth (2002) . Actively growing shoots are strong sinks and proximity to these is a function of foliage age. The closer a source needle is to an active sink, the less likely it is to accumulate sugars and starch. Hence, it may be expected that photosynthetic down-regulation will increase with foliage age.
Water-use efficiency (W ), defined as the ratio of carbon assimilated to water transpired (Lajtha and Marshall 1994, Ellsworth 1999) , can be enhanced both by increasing photosynthetic rate and by reducing stomatal conductance (Beerling and Woodward 1993 , Gunderson et al. 1993 , Saxe et al. 1998 , Scarascia-Mugnozza and De Angelis 1998 , Ellsworth 1999 , Heath and Mansfield 2000 . The observed photosynthetic enhancement common to most plants growing at elevated C a will result in increased W, and any accompanying reduction in stomatal conductance should increase W further. However, stomatal response to elevated C a is not well understood, and increased W may be the result of photosynthetic enhancement alone (Gunderson et al. 1993 , Teskey 1995 , Hogan et al. 1997 , Ellsworth 1999 .
Analysis of stable carbon isotope ratios, δ 13 C, provides a means for studying plant water relations. Fractionation due to ribulose-1,5-bisphosphate carboxylase/oxygenase (rubisco) discrimination is 29‰ (Lajtha and Marshall 1994, Hanba et al. 1996) , whereas fractionation due to diffusion is about 4.4‰ (Lajtha and Marshall 1994) . Thus, the isotopic composition of the leaf material will differ according to stomatal conductance, because the concentrations of 12 CO 2 and 13 CO 2 in the substomatal cavity are dependent on stomatal conductance. Leaves with high stomatal conductance tend to have a lower δ 13 C value (more negative) than leaves with low stomatal conductance (Beerling and Woodward 1993) . Because the isotopic composition of plant material represents stomatal conductance and plant water use for the entire canopy integrated over several growing seasons, stable carbon isotope analysis makes it possible to acquire some understanding of actual plant water use over several seasons (Lajtha and Marshall 1994, Stewart et al. 1995) , unlike instantaneous measurements, which may not be representative of the longer-term water relations status. Ellsworth (1999) measured stable carbon isotope ratios to investigate water use in Pinus taeda L. trees exposed to ambient and elevated C a .
Here we investigate whether sink proximity, as a function of needle age, is a major factor influencing photosynthetic acclimation in P. radiata. Cuttings were taken from 4-year-old trees that experienced lifetime exposure to either ambient or elevated C a . Second-generation trees were propagated from these cuttings and grown for one year in their respective C a treatments. This differs from other studies where the elevated C a treatment is imposed on trees grown previously at ambient C a . Our objective was to investigate effects of tree size independently of tree age or duration of exposure to elevated C a . This was possible because the second-generation trees were physiologically the same age as the first-generation trees but their smaller size meant that the representation of old and young needles within the canopy was different. It has been shown that within an immature P. radiata canopy, young needles may represent as much as 4 to 10 times the biomass of older needles; as the canopy matures this ratio approaches equality (Turnbull et al. 1998) . This study provided the opportunity to compare the physiological responses of second-generation trees, with their many active growing points and relatively high sink demand, with those from genetically identical parent trees that showed signs of down-regulation in the form of reduced photosynthetic capacity and enhanced carbohydrate accumulation in older needles.
During the first 2 years of exposure, the parent trees responded with increased photosynthetic capacity and no sign of down-regulation (Hogan et al. 1996) . Subsequently, photosynthetic down-regulation was observed with increasing tree size and shoot age (Turnbull et al. 1998 , Griffin et al. 2000 , Tissue et al. 2001 . We propose that the observed down-regulation in the parent trees was a result of a shift in the proportion of young to old needles as the trees increased in size. Here we hypothesize that in small trees, close proximity of active sinks, such as developing buds, to a proportionally small reservoir of source tissue (mature foliage) would increase the overall sink strength and reduce the extent of photosynthetic acclimation (down-regulation) at elevated C a . The response would be expected to reflect the response of the parent trees during the first two years of exposure.
We used needle stable carbon isotope ratios to detect changes in W and stomatal conductance at elevated C a . We hypothesized that stomatal conductance would be reduced in P. radiata trees exposed to elevated C a , but that the reduction would be small, as has been found with other conifers (Saxe et al. 1998 , Norby et al. 1999 , Heath and Mansfield 2000 .
Materials and methods

Experimental site and trees
The study was undertaken at Christchurch, New Zealand (43°32′S, 172°42′E, 9 m above sea level), where P. radiata trees were grown in six open-top chambers 3.5 m tall and 4.6 m in diameter (Whitehead et al. 1995) . Carbon dioxide was supplied by separation from biogas produced at an adjacent wastewater treatment plant and was supplied and monitored automatically 24 h a day for the entire experimental period. In the ambient and elevated treatments, C a was about 36 and 66 Pa, respectively. The trees were irrigated daily and fertilizer was applied every 3 months. Air temperature and humidity were measured in each chamber and averaged over half-hourly intervals.
The first-generation trees were cultured from a single bud from a 4-year-old tree in 1992 and subsequently transplanted to the chambers in 1994 (Whitehead et al. 1995) . The second-generation trees, which comprised the plant material for this study, were propagated from cuttings from the first-generation trees and rooted in their respective CO 2 treatments in 1996, then transplanted to the open-top chambers in winter 1997. Thus, we compared tree size rather than physiological age or time of treatment exposure.
Gas exchange measurements
Two trees were sampled from each of the six chambers. Needles were sampled from three positions on the tree. Position 1, the oldest, flushed in spring 1997; position 2 flushed in autumn 1998; and position 3, the youngest needles, flushed in spring 1998 (Figure 1 ). In the summer period (January), positions 1 and 2 were sampled; older needles were located at position 1 and current needles at position 2. In autumn (April) and spring (October), older needles were located at position 2 and current needles at position 3. All measurements were made in 1999 on fully expanded needles exposed to full sunlight, when these second-generation trees were between 1.5 and 3 m tall.
Photosynthetic carbon assimilation (A) was measured with a portable gas analysis system (LI-6400, Li-Cor, Lincoln, NE) with a CO 2 control module. Five needles from two fascicles were enclosed in the cuvette and supplied with CO 2 in 13 steps from 150 to 0 Pa. The cuvette temperature was maintained at 20°C and photon flux density was provided at 1500 µmol m -2 s -1 . Measurements were made at each preset C a when photosynthesis had equilibrated, and A/C i curves were generated, where C i is the internal partial pressure of CO 2 . After measurement of fascicle diameter, needle surface area (S) was calculated as:
where d is fascicle diameter, l is length of needles and n is number of needles. All measurements are expressed on a total needle surface area basis. Analysis of A/C i response curves involved calculation of the processes limiting photosynthesis, where V cmax is the maximum carboxylation rate of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) and J max is ribulose-1,5-bisphosphate (RuBP) regeneration capacity mediated by the maximum rate of electron transport (Farquhar et al. 1980) . Model parameters, V cmax and J max , were estimated using Photosynthesis Assistant (Dundee Scientific, Dundee, U.K.). We also calculated A growth and A max for each curve, where A growth is the photosynthetic rate measured at growth C a and A max is the maximum photosynthetic rate at saturating C a and light.
Relative stomatal limitation (L) was calculated from the A/C i response following Farquhar and Sharkey (1982) as:
where A is net assimilation rate at growth C a and A 0 is assimilation rate at a C i equivalent to the growth C a .
Carbon isotope discrimination
As the CO 2 supplied to the elevated C a chambers was filtered from biogas produced by a wastewater treatment plant, the δ 13 C signature differed from that of ambient air and was potentially variable. To overcome this difficulty, corn plants (Zea mays L.) were grown in the chambers with the P. radiata trees as a bioindicator of atmospheric carbon isotope composition (δ 13 C). With fractionation being minimal in C 4 plants, it was assumed that the δ 13 C signal of the corn foliage was close to the mean value of the air in the chambers. Ambient atmospheric δ 13 C (δ a ) was calculated as in Hanba et al. (1996) :
where δ z is the δ 13 C signature of the corn and 4.4 is the coefficient for diffusion through stomata. Stable isotope discrimination between source and leaves (∆) was calculated as:
where δ p is the δ 13 C discrimination of the tree foliage. Water-use efficiency (W) was calculated from the δ 13 C signature following Lajtha and Marshall (1994) as:
where 1.6 is the ratio of diffusivities of water vapor and CO 2 in air, and D is mean air saturation deficit, calculated from measurements of air temperature and relative humidity inside each chamber. The C i value used in the calculation of W was calculated from the C i /C a ratio:
where a is the coefficient for diffusion through stomata (4.4‰), and b is the fixation of gaseous CO 2 with respect to C i /C a (27‰) . Needle samples from the trees and foliage samples from the corn were collected twice during the year, in summer and autumn, dried at 70°C for 48 h, ground to a fine powder in a ball mill and analyzed for δ 13 C by isotope ratio mass spectrometry.
Needle biochemistry
Soluble sugar and starch concentrations of needles were determined colorimetrically on ground, dry material by a phenolsulfuric acid technique (Tissue and Wright 1995) . Total nonstructural carbohydrate was calculated as the sum of soluble sugar and starch and expressed as percentage of needle dry mass. Chlorophyll was extracted with 80% acetone (v/v) from needle material ground in liquid nitrogen. The extract was centrifuged and total chlorophyll concentration calculated from absorbance of the supernatant at 647 and 664 nm (Porra et al. 1989) . Needle nitrogen concentration was determined on dried and ground material with a CNS autoanalyzer (Carlo Erba NCS 2500, Milan, Italy).
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Statistical analyses
Two-way analysis of variance was used to test for main and interaction effects of needle age and CO 2 treatment on photosynthetic parameters and leaf characteristics (S-Plus Version 4.5, MathSoft, Seattle, WA). Initially, the experimental design was that of a two-way analysis of variance with blocking by chamber, but as the chamber effect was not significant, it was excluded from the final analysis. Differences were considered significant at α = 0.05 and, where differences were found, multiple comparison testing was performed.
Results
Gas exchange characteristics
Photosynthetic rate at the growth C a was 34, 43 and 38% higher at elevated C a than at ambient C a in young needles during summer, autumn and spring, respectively, and in older needles the corresponding enhancements were 26, 47 and 49% (Table 1). Neither V cmax , J max nor A max was affected by C a treatment or needle age at any sampling date. Relative stomatal limitation to photosynthesis, L, was 89, 75 and 60% lower in the elevated C a treatment than in the ambient C a treatment in summer, autumn and spring, respectively, with values highest in spring for both treatments (Table 1) .
Needle characteristics
Total nonstructural carbohydrate concentration was unaffected by either needle age or C a in summer or spring; however, compared with ambient-grown needles, carbohydrate concentrations of needles of both cohorts grown at elevated C a were lower in autumn (Table 2 ). Leaf mass per unit area was unaffected by C a or needle age in summer or autumn, but it was affected by needle age in spring, when leaf mass per unit area 572 GREENEP, TURNBULL AND WHITEHEAD TREE PHYSIOLOGY VOLUME 23, 2003 of needles from cohort three was higher than that of the older needles from cohort two. Chlorophyll concentration was highest in needles from cohort two in autumn, but was unaffected by C a at any sampling time. In summer and autumn, nitrogen concentration was lower in needles of cohort one grown at elevated C a than at ambient C a .
Carbon isotopic discrimination
Isotopic discrimination was affected significantly by C a but not needle age. Stable isotope discrimination between source and leaves, ∆, was highest in needles of trees grown at elevated C a (Figure 2a ). Water-use efficiency was 49% higher in trees grown at elevated C a than in trees grown at ambient C a (Figure 2b) . There was also a needle age effect on W, which was 24% lower for old needles than for young needles. The effect of growth C a on W was greater in newly developed needles than in older needles.
Discussion
Photosynthetic rates of the second-generation P. radiata study trees support the hypothesis that proximity of needles to active sink tissue influences the photosynthetic response to elevated TREE PHYSIOLOGY ONLINE at http://heronpublishing.com ELEVATED CO2 RESPONSES IN SECOND-GENERATION PINE 573 C a . Photosynthesis was enhanced at elevated C a in these small, actively growing trees, despite continued exposure over two generations. Photosynthetic down-regulation was not evident in response to elevated C a in any needle age cohort. These results are comparable to those obtained for the parent trees when they were of a similar size; i.e., photosynthesis was enhanced during the first two years of exposure (Hogan et al. 1997) . However, our results differ significantly from those for the parent trees in years three and four of exposure (Turnbull et al. 1998) . At that time, the parent trees had grown to a height of about 4 m and in older needles, there was evidence of photosynthetic down-regulation manifested in reduced photosynthetic capacity and increased carbohydrate concentration. In current needles, photosynthesis was 64.5% higher in trees at elevated C a than in trees at ambient C a , whereas in old needles, this enhancement was just 31% (Turnbull et al. 1998) . The down-regulation observed in the parent trees was unaccompanied by a CO 2 effect on needle nitrogen content (Turnbull et al. 1998) , indicating that nitrogen was not limiting photosynthetic capacity. Similarly, Rogers and Ellsworth (2002) concluded that down-regulation in aging needles of P. taeda was caused by a sugar-mediated feedback control rather than a decrease in needle nitrogen content. We obtained evidence that photosynthetic stimulation can be maintained following long-term exposure to elevated C a , provided that there is sufficient sink strength to use the available photosynthates. A common observation in experiments with young trees is an initial period of photosynthetic stimulation followed by a marked down-regulation. The absence of CO 2 -dependent needle-age effects in the second-generation trees of our study is noteworthy. Higher concentrations of nonstructural carbohydrates have been shown to accompany photosynthetic downregulation, because of sink limitation (Lewis et al. 1996 , Poorter et al. 1997 , Curtis and Wang 1998 , Rey and Jarvis 1998 , Medlyn et al. 1999 , Moore et al. 1999 , Griffin et al. 2000 . As expected from the photosynthetic response, there was no evidence of excess carbohydrates, suggesting that photosynthates were used at rates similar to their production. In contrast, the increased concentration of nonstructural carbohydrates in down-regulated older needles of the parent trees (Turnbull et al. 1998 , Tissue et al. 2001 , suggests that an imbalance had developed.
Older needles, being further from the developing buds, tend to be more distant from strong sinks and may be more susceptible to photosynthetic down-regulation by sugar-mediated feedback mechanisms than young needles. In our small second-generation trees, a greater proportion of the canopy was likely to have supplied actively developing sinks, due to proximity, and thus carbohydrates were less likely to accumulate in these source needles. We contend, therefore, that the downregulation exhibited by trees after prolonged exposure to elevated C a may be partially associated with a shift in sourcesink relationships, because a greater proportion of actively photosynthesizing needles are no longer in close proximity to strong sink tissues. Therefore, the relationship between foliage age and sink strength can be a major determinant of the degree and timing of photosynthetic down-regulation at the canopy level. As Eamus and Jarvis (1989) emphasized, new and persistent sinks are essential for maintaining long-term photosynthetic enhancement.
Stable isotope discrimination and measurements of photosynthesis in needles of the second-generation trees indicate that long-term growth at elevated C a did not result in a reduction in stomatal conductance. Calculations of relative stomatal limitation showed that photosynthesis in trees exposed to elevated C a was limited to only a small extent by stomatal conductance (Table 1 ). Figure 2a shows an increase in ∆ for trees growing at elevated C a , implying increased stomatal conductance, although this was not always significant. The absence of a decrease in stomatal conductance at elevated C a may reflect an increased ability to forage for water through a greater investment in fine root growth (Bloom et al. 1985 , Eamus and Jarvis 1989 , Ceulemans and Mousseau 1994 , Drake et al. 1997 . Sigurdsson et al. (2002) suggest that stomatal response to elevated C a depends on the water status of the tree rather than C a , and that the lack of a CO 2 -induced response indicates that water availability is not a limiting factor. We note that the stomatal response we observed does not imply that water-use efficiency was reduced. As photosynthetic rates were increased in the second-generation trees by exposure to elevated C a , water-use efficiency increased in parallel. A reduction in stomatal conductance would have amplified this effect, but our results show that stimulation of photosynthesis alone was sufficient to increase water-use efficiency, consistent with earlier reports (Gunderson et al. 1993 , Amthor 1995 , Saxe et al. 1998 , Scarascia-Mugnozza and De Angelis 1998 , Ellsworth 1999 , Heath and Mansfield 2000 . Our results support the hypothesis of Turnbull et al. (1998) that, in P. radiata, the response of photosynthesis to elevated C a is a function of tree size and the impacts of canopy size on the proportion of active young shoots to total canopy biomass. The effect is independent of tree age or duration of exposure to elevated C a . Our results suggest that the capacity for enhanced photosynthesis in trees growing in elevated C a is unlikely to be lost in subsequent generations. However, as the canopy size increases and the proportion of mature foliage and developing buds approaches equality, the accumulation of carbohydrates in the source foliage is likely to have a feedback effect resulting in photosynthetic down-regulation, as was observed in the parent trees.
